Understanding of the fundamental photoresponse of carbon nanotubes has broad implications for various photonic and optoelectronic devices. Here, Z-scan and pump-probe spectroscopy performed across 600-2400 nm were combined to give a broadband degenerate mapping of the nonlinear absorption properties of single-wall carbon nanotubes (SWNTs). In contrast to the views obtained from non-degenerate techniques, sizable saturable absorption is observed from the visible to the near-infrared range, including the spectral regions between semiconducting excitonic peaks and metallic tube transitions. In addition, the broadband mapping unambiguously reveals a photobleaching to photoinduced absorption transition feature within the first semiconducting excitonic band ∼ 2100 nm, quantitatively marking the long-wavelength cut-off for saturable absorption of the SWNTs investigated. Our findings present a much clearer physical picture of SWNTs' nonlinear absorption characteristics, and help provide updated design guidelines for SWNT based nonlinear optical devices.
Introduction
Single-wall carbon nanotubes (SWNTs), a model one-dimensional quantum confined system with fascinating physics [1] [2] [3] , have been widely explored for optical and optoelectronic applications [4] [5] [6] . In particular, broad absorption range combined with an ultrafast relaxation time has raised a great deal of interests in using SWNTs as a nonlinear optical materials 3, 7, 8 . It is desirable to obtain quantitative information about optical properties of SWNTs over an extended spectral range, as it provides important insights into light-matter interactions in such low-dimensional systems. To this end, photoexcitation of SWNTs in the linear regime has been extensively studied and well interpreted 9, 10 . On the other hand, the nonlinear photoresponse in SWNTs, which is governed by photocarrier processes following high-intensity ultrashort pulse irradiation, is equally important [11] [12] [13] [14] [15] [16] One application involving nonlinear photoexcitation of SWNTs, that has drawn widespread attention, is the generation of ultrashort pulses in solid-state or fiber lasers through a technique known as mode-locking, where a bleached absorption (or saturable absorption) in SWNTs together with an ultrafast photocarrier relaxation provides a mechanism for short pulse formation and stabilization 17 . Although a large number of modelocked lasers based on SWNT saturable absorbers have been reported since 2003 [18] [19] [20] [21] [22] , several open questions still remain. For example, while it is conventionally believed that saturable absorption is provided by resonantly excited semiconducting nanotubes (due to Pauli blocking effect), more recent experiments have suggested that operations at wavelengths far off these resonant bands are possible 23, 24 . Another question concerns the long-wavelength cut-off for saturable absorption 25 . For example, whether SWNTs could operate beyond their semiconducting excitonic bands into the mid-infrared is still unclear. Probing the broadband characteristics of key ultrafast nonlinear optical properties of SWNTs, including saturable absorption and relaxation time constant, may provide crucial experimental evidence for answering these still elusive questions. Pump-probe spectroscopy using widely tunable probe energies, i.e. provided by supercontinuum sources, have been carried out to map different photobleach-ing (PB) and photoinduced absorption (PA) bands, but these are usually non-degenerate (two-color) measurements, which involve excited states and carrier relaxation pathways that are appreciably different from the two-level model depicting behavior of SWNT saturable absorbers [14] [15] [16] . Therefore the results cannot be directly applied to the interpretation of SWNT saturable absorber response. Z-scan or degenerate pump-probe techniques, using single excitation wavelength, are directly relevant to resolving saturable absorption dynamics and have been reported in several studies 3, 8, 26 . However, most of the previous investigations were carried out at discrete wavelengths, and on SWNT samples of different morphological forms. Thus, it is challenging to correlate the results, making it difficult to gain broadband quantitative insights into the signatures of nonlinear photoresponse in SWNTs.
This work, to the best of our knowledge, is the first to establish a broadband 'degenerate' mapping of key ultrafast nonlinear absorption properties of SWNTs. To this end, we have combined Z-scan and degenerate pump-probe measurements on the same SWNT sample across 600-2400 nm, covering multiple excitonic bands. The knowledge of the photoexcitations in the SWNT ensembles (based on a phenomenological model) together with broad wavelength tuning allow us to selectively probe signatures arising from different constituent tubes, i.e. those from semiconducting and metallic SWNTs. In contrast to the conventional view, we have identified sizable saturable absorption in the spectral region between S 11 and S 22 excitonic peaks (∼1200-1600 nm), as well as the metallic M 11 excitonic band (∼600-800 nm), suggesting that SWNTs may exhibit broadband saturable absorption extending from visible to the near infrared range. Importantly, a transition from PB to PA in the pump-probe spectroscopy is identified within the semiconducting S 11 band (∼2100 nm), signifying increasing tendency of reverse saturable absorption operation towards longer wavelengths. Such a feature, attributable to photoinduced linewidth broadening, underpins the importance of considering multiple physical effects in engineering the spectral response of SWNTs. The nonlinear photoexcitation signatures reported here help resolve the elusive questions regarding SWNT saturable absorbers and provide updated design guidelines for nanotube based nonlinear optical devices.
Experimental
To ensure intrinsic optical response from SWNTs, we used commercially available purified arc-discharge SWNTs that are surfactant free (Carbon Solutions Inc). SWNT-carboxymethyl cellulose composite film with ∼20 µm thickness are fabricated using a solution processing method described in Ref. 21 . No aggregates or large bundles are present in the film. Figure 1 (a) shows the measured optical absorption of the SWNT sample. A tube diameter distribution of ∼1.3-1.6 nm can be inferred from the absorption peak positions 10 as well as Raman measurements (See Fig.S1 ) 6, 27 . The three absorption features correspond to the S 11 semiconducting excitonic band ∼ 1800 nm, the S 22 semiconducting excitonic band ∼ 1000 nm, and the M 11 metallic excitonic band ∼ 700 nm, respectively 28 . Dashed lines in Fig.1 denote the calculated absorption spectra for nanotube ensembles with 1.3-1.6 nm diameters, based on a phenomenological model for sus- pended individual nanotube 9 . It provides a qualitative reference for the contribution to photoexcitation from different constituent tubes (Supplementary Note). Figure 1(b) shows a SEM image of a thin lamella cut out of the composite film, where randomly distributed nanotubes can be observed from the zoomed in micrograph of the film cross-section (inset).
As nonlinear absorption characteristics of SWNTs is our focus, an open-aperture Z-scan setup is employed. The pump source consists of a 1 kHz Ti:Sapphire amplifier system with an optical parametric amplifier (OPA). The excitation pulse duration is ∼100 fs. Such a system is good for delivering high peak intensities while reducing thermal effects. For the Z-scan measurement, we are confined to a wavelength range of 600-1800 nm, as limited by the power meter sensors. However, this already covers all the main excitonic features of the SWNT sample. To better interpret the broadband Z-scan results and to extend the spectral coverage of the mapping further into the mid-infrared, we used a degenerate pump-probe spectroscopy setup with parallel polarization configurations where the wavelength can be tuned within 1200-2400 nm. Thus, for the spectral overlap region, i.e. 1200-1800 nm, pump-probe data is used to corroborate with the Z-scan results. We first look at the nonlinear optical response at on-resonance wavelengths. At each excitation wavelength, to avoid laser damage caused by either high peak intensities or thermal effects, we have limited our excitation power to a range within which Z-scan curves are readily reproducible without change in its nonlinear optical response. Figure 2 shows the open-aperture Z-scan results for 1800 nm (S 11 ), 1000 nm (S 22 ), and 700 nm (M 11 ), respectively. At relatively low incident powers, the sample exhibits saturable absorption behavior, while reverse saturable absorption generally attributed to two-photon absorption can be observed at elevated power levels 31 . To analyze the characteristics of saturable absorption, peak intensities of the incident beam is calculated for each sample position z using equation (1), where I 0 is the incident peak intensity, z 0 =πω 2 0 /λ is the diffraction length of the beam, E is the incident pulse energy, ω 0 is the beam waist radius, and τ is the full width at half maximum of the excitation pulses:
We evaluate the saturable absorption α 0 , the modulation depth ∆ = α 0 /(α 0 + α ns ) and the saturation intensity I sat using a classic saturable absorber model, where α and α ns denote linear and non-saturable absorption respectively 29 .
This results in the nonlinear absorption curves as shown in Fig.3 , where pronounced saturable absorption can be seen for all resonant wavelengths. The inset of Fig.3 displays the nonlinear absorption as a function of the excitation intensity on a linear scale. This clearly illustrates the differences in modulation depths at different resonances. The strongest saturable absorption is observed for the S 11 and S 22 resonances, where a modulation depth of ∼59% and ∼41% are achieved, respectively. What is worth noting is the observation of a sizable saturable absorption, i.e. ∼20%, for the M 11 resonant wavelength. Since metallic tube transitions dominate at this wavelength, as seen from the calculated absorption spectra in Fig.1 , our observation suggests that transitions in metallic SWNTs may provide saturable absorption in the visible range, although the saturation intensity is somewhat higher than the semiconducting resonances, probably due to the faster relaxation time typically observed in metallic tubes 11 .
We then performed open-aperture Z-scan at a range of other wavelengths from 600 nm to 1800 nm (beyond 800 nm, the response is mainly from semiconducting SWNTs, as indicated by the absorption spectra in Figure 1(a) ). This allows the resonancedependent saturable absorption, modulation depth and saturation intensity to be revealed, as shown in Figure 4 . Note that an additional data point for 1950 nm is obtained from a thulium fiber laser-based nonlinear absorption measurement (See Fig.S3) . Clearly, the modulation depth for resonant wavelengths within the S 11 , S 22 bands is enhanced, as expected from previous studies 18 . However, more informative findings are obtained outside of the S 11 , S 22 bands. First, we detect appreciable modulation depth (∼ 7-20%) between 600 nm and 800 nm, a range where transitions in metallic tubes are the main contributors to pho- toexcitation. Such a response suggests that SWNTs may act as an effective saturable absorber for the UV-visible range, i.e. suitable for mode-locking visible-emitting diodes or fluoride fiber lasers. On the other hand, for the spectral region in between S 11 and S 22 peaks, i.e.1200-1600 nm, a flat but still sizable saturable absorption response is observed. This is in contrast to the results obtained by transient absorption spectroscopy, where a photoinduced absorption band is found to occupy the nonresonant region between S 11 and S 22 peaks 14 . While the exact origin for photoexcitation in this spectral range is still unclear 15, 30 , our Z-scan results nevertheless highlight the importance of using single-color excitation for characterizing saturable absorption behavior. It is noted that although the modulation depth stays relatively constant from 1200-1600 nm, an increase in I sat , from 200 MW/cm 2 to ∼ 600 MW/cm 2 , is observed as the excitation wavelength is tuned from 1600 nm to 1200 nm (Fig.4b) . For the semiconducting resonant bands, I sat is found to be lower, within the range of ∼50-300 MW/cm 2 , which is in agreement with previous characterizations 31 .
To gain full physical picture of the nonlinear photoresponse of the SWNTs, particularly towards the long wavelength end, we complement our Z-scan results with a single-color pump-probe experiment performed between 1200 and 2400 nm. Figure 5(a) shows the transient absorption curves at a pump fluence of ∼ 0.3 mJ/cm 2 for selected wavelengths between 1200-2400 nm (where probe fluence is at least 20 fold lower than the pump). The experimental measurements can be well fitted by a single exponential decay 30 . Several features were revealed by corroborating with the Z-scan measurements. First, we extract the peak value of ∆T /T 0 from the pump-probe curves, as shown in Fig. 5(b) . Similar to the modulation depth spectra obtained by Z-scan, the peak ∆T /T 0 signal follows closely the S 11 excitonic band. This confirms that both Z-scan and degenerate pump-probe characterize the same band filling effects. Therefore, the sign of the transient absorption for the degenerate pump-probe experiment, i.e. PA or PB response, directly corresponds to saturable absorption or reverse saturable absorption in the Z-scan measurement. Second, from Fig. 5 (c) the sample is found to exhibit a greatly reduced time constant (∼0.3 ps) at 1200 nm as compared to the justresonant wavelength at 1800 nm (∼1.3 ps). The reduction of recovery time is most probably due to the increasing contribution from S 22 excitations, where quicker intersubband transitions from S 22 to S 11 dominate the relaxation processes 32 . This further explains why an appreciably increased saturation intensity was observed across the wavelength range 1200-1400 nm. For wavelength longer than 1400 nm, i.e. 1500-1700 nm, the relaxation is qualitatively similar to the on-resonance dynamics. The difference in relaxation dynamics makes the long-wavelength portion a relatively easier range for achieving short pulsed operation than the short-wavelength portion of the non-resonant range. The relatively slow recovery time at 2400 nm indicates that semiconducting tubes are primarily accounting for the photocarrier relaxation processes, similar to previous results 30, 33 . Significantly, an unexpected PB to PA transition is seen at ∼2100 nm, clearly within the S 11 band. To confirm such a transition is intrinsic to SWNTs, a non-degenerate pump-probe measurement with higher spectral resolution is performed from 1600 nm to 2400 nm on a SWNT film without polymer matrix. Again, a PB to PA transition is found to occur at ∼ 2100 nm (See Figure S3 and S4) . We assign the onset of the PA band at ∼2100 nm to photoinduced broadening of the S 11 transition, where carrier effects lead to enhanced oscillator strength for the non-resonant wavelengths 34, 35 . Such a spectral signature suggests that physical effects other than Pauli blocking may play a role in determining the nonlinear absorption of SWNTs.
Conclusions
In summary, by combining Z-scan and degenerate pump-probe spectroscopy performed across 600-2400 nm, we have for the first time revealed the characteristics of ultrafast nonlinear absorption of SWNT ensembles. The correlation between the Z-scan and pump-probe results allows us to assign features of the non-linear response to different constituent tubes. We establish multiple insights about the intrinsic optical nonlinearities of SWNTs. Specifically, our results suggest that SWNTs may exhibit ultrafast saturable absorption in a much broader spectral range than previously expected, extending from the visible to the near-infrared. In addition, the wavelength-dependent transient absorption reveals a cut-off for saturable absorption within the semiconducting S 11 band, highlighting the role photoinduced effects may play in the broadband nonlinear absorption in SWNTs. We believe our findings present an updated physical picture of the broadband ultrafast nonlinear photoresponse of SWNTs and may have important implications in the design of nanotube based nonlinear optical devices.
